Background-Ethanol is metabolized by two rate limiting reactions: alcohol dehydrogenases (ADH) convert ethanol to acetaldehyde, subsequently metabolized to acetate by aldehyde dehydrogenases (ALDH). Approximately 50% of East Asians have genetic variants that significantly impair this pathway and influence alcohol dependence (AD) vulnerability. We investigated whether variation in alcohol metabolism genes might alter the AD risk in four nonEast Asian populations by performing systematic haplotype association analyses in order to maximize the chances of capturing functional variation.
INTRODUCTION
Since at least 10,000 B.C., almost all societies have found ways to ferment various substances to produce ethanol for consumption. Ethanol is metabolized largely in the liver by alcohol dehydrogenases (ADH) to acetaldehyde which is then converted to acetate by aldehyde dehydrogenases (ALDH). Since diverging from the ancestral African populations, East Asians (Chinese, Japanese and Koreans) have acquired ADH variants and an inactive ALDH variant that promote acetaldehyde accumulation after consumption of small quantities of alcohol. This results in the very unpleasant facial flushing syndrome that is protective against heavy drinking and therefore alcohol dependence (AD). A few ADH variants have also been shown to influence alcohol consumption in non-Asian populations.
The seven human ADH genes cluster together in a 365 kb region on chromosome 4q21-24. This chromosomal region has been linked to AD in Caucasians and American Indians Reich et al., 1998) and maximum drinks ever consumed over 24 hours in Caucasians (Saccone et al., 2000) . Most ADH genes are highly expressed in liver with the exception of ADH7 (Edenberg, 2007) . ADH enzymes have been categorized into 5 classes based on structural similarity and kinetic properties. The class I enzymes encoded by the ADH1A, ADH1B and ADH1C genes contribute about 70% of the total ethanol oxidizing capacity, and the class II enzyme encoded by ADH4 contributes about 30% (Hurley, 2002; Lee et al., 2004) . The class III ADH5 enzyme is the only enzyme detectable in brain. Class IV ADH7 is mainly expressed in the upper digestive tract where it oxidizes ethanol at high concentrations. The class V ADH6 enzyme catalyzes a widely variety of substrates such as ethanol, retinol etc., but it is less efficient in ethanol metabolism.
Functional polymorphisms in the class I genes: ADH1B*2 (Arg48His, rs1229984); ADH1B*3 (Arg370Cys, rs2066702), and the ADH1C*2 linked SNPs (Arg272Gln, rs1693482; Ile350Val, rs698), have been shown to influence the risk for alcohol dependence (AD) in several ethnic groups especially East Asian populations (Osier et al., 1999; Shen et al., 1997) . The enzymes encoded by ADH1B*2 and ADH1B*3 have a 40-fold and 30-fold respectively higher activity than the enzyme encoded by ADH1B*1 (Burnell et al., 1987; Edenberg 2007 ). The enzyme encoded by the ADH1C*2 haplotype (Gln272Val350) has lower activity than the enzyme encoded by the more common ADH1C*1 haplotype (Arg272Ile350) (Hoog et al, 1986) . ADH1C*1 is in strong linkage disequilibrium with ADH1B*2 (Chen et al., 1999; Choi et al., 2005; Osier et al., 1999) . The higher enzyme activity encoded by ADH1B*2, ADH1B*3 and ADH1C*1 enables more rapid conversion of ethanol to acetaldehyde, which causes facial flushing and aversive effects after consuming alcohol (Osier et al., 1999) . The ADH1B*2 allele has been shown to be protective against excessive alcohol consumption and AD, particularly in East Asians who have a high frequency of this allele (Chen et al., 1999; Crabb et al., 2004; Thomasson et al., 1991; Whitfield, 2002) but also in European and African populations (Luczak et al., 2002; Sherva et al., 2009; Whitfield, 2002) . The ADH1B*3 allele has been shown to have a significant protective effect on risk for AD in African-Americans and American Indians (Edenberg et al., 2006; Wall et al., 2003) .
Noncoding variants in ADH4 and ADH7 have also been shown to be risk factors for AD in European American families (Edenberg et al., 2006; Luo et al., 2006a ). An ADH7 variant, ADH7 StyI site rs1154458 (not included in our study), has been reported to have an epistatic effect with ADH1B*2 (Arg48His) for protection against AD in Taiwanese Han and European populations (Han et al., 2005; Luo et al., 2006b; Osier et al., 2004) .
Acetaldehyde is converted to acetate primarily by the mitochondrial enzyme ALDH2, encoded by the ALDH2 gene located on chromosome 12q24.2 (Maly et al., 1999) . The variant ALDH2*2 (Glu504Lys --this substitution corresponds to position 487 in the mature ALDH2 enzyme, rs671) encodes an inactive ALDH2 enzyme (Impraim et al., 1982; Shibuya and Yoshida, 1988a; Shibuya and Yoshida, 1988b; Xiao et al., 1995) . About 50% of Japanese and Chinese individuals carry an ALDH2*2 allele and show an alcohol flush reaction after the consumption of relatively small amounts of alcohol (Harada et al., 1982; Peng et al., 2002) . Thus the ALDH2*2 allele is protective against heavy drinking and therefore AD Crabb et al., 1989; Harada et al., 1982; Higuchi et al., 2004; Peng et al., 2002; Yokoyama et al., 2005; Zintzaras et al., 2006) . In addition, individuals with the combination of the higher activity ADH1B*2 and the inactive ALDH2*2 have a particularly low risk for AD (Chen et al., 1999) . The ALDH2*2 allele has not been found in non-East Asian populations.
ALDH1A1, located on chromosome 9q21.13, encodes the liver cytosolic isozyme ALDH1 that is particularly important for acetaldehyde elimination in those individuals who do not express the active mitochondrial ALDH2 (Bosron et al., 1993) . Two polymorphisms have been identified in the ALDH1A1 promoter region: ALDH1A1*2, a 17bp deletion (−416/−432) and ALDH1A1*3, a 3bp insertion (−524bp) (Spence et al., 2003) . Although both ALDH1A1*2 and ALDH1A1*3 occur at low frequencies (0.012~0.035 for ALDH1A1*2 in Asian, Caucasian and African populations and 0.029 for ALDH1A1*3 in African Americans), some studies have shown associations with AD in Native Americans and African-derived populations (Ehlers et al., 2004; Moore et al., 2007; Spence et al., 2003) . Furthermore, a recent study in Finnish Caucasian men has shown evidence of ALDH1A1 SNP association with AD and alcohol consumption (Lind et al., 2008) .
In our study we investigated whether variation in alcohol metabolism genes might alter the risk for AD in non-East Asian populations. In order to increase the chances of capturing unknown functional variation, we performed systematic haplotype association analyses based on 64 haplotype tagging SNPs across ALDH1A1, ALDH2 and all seven genes in the ADH cluster. Our study is the first to provide a comprehensive analysis of alcohol metabolism genes in four diverse, independent populations. We tested for haplotype associations with AD in Finnish Caucasians, African Americans, Plains American Indians and Southwestern American Indians.
Materials and Methods
Four population samples were the focus of this study, each with lifetime diagnoses of AD: Finnish Caucasians, African Americans, Plains American Indians and Southwestern American (SW) Indians. Informed consent was obtained according to human research protocols approved by the Institutional Review Board (IRB) of the University of Helsinki for the Finnish sample; the IRBs of the Veterans Affairs New Jersey Healthcare System (VANJHCS) and the New Jersey Medical School for the African American sample and the IRB of the National Institute on Alcohol Abuse and Alcoholism for both the Plains Indian and the SW Indian samples. Both tribal councils approved the study.
Finnish Caucasians
A total of 426 Finnish Caucasian men were recruited from the same source population in Finland: 232 incarcerated alcoholics (mean (SD) age = 31.5 (9.8)) and 194 controls (mean (SD) age = 31.7 (9.1)). The Structured Clinical Interview for DSM-III-R was administered by psychiatrists to both alcoholics and controls (Spitzer et al, 1992) . Blind-rated DSM-III-R lifetime psychiatric diagnoses were obtained. For a more detailed description see Lappalainen et al., 1998 .
African Americans
This sample of 267 alcohol dependent African American men (mean (SD) age = 45.4 (8.5)) was recruited from the Substance Abuse Treatment Program at the VANJHCS. Lifetime psychiatric diagnoses were derived using the Structured Clinical Interview for DSM-IV (SCID) (Spitzer et al, 1995) . Seventy six men had a single diagnosis of AD; 191 had AD comorbid with drug dependence (cocaine and / or heroin). A total of 422 controls (175 men, 247 women) (mean (SD) age = 34.6 (9.8)) were recruited from the same geographical region as the alcoholics through outpatient diabetes or ophthalmology clinics. All controls had a semi-structured psychiatric interview and were without a lifetime history of any substance abuse or dependence or major Axis 1 psychiatric disorder. For further details see Roy et al, 2007 .
Plains American Indians
Community volunteers (N = 336) were recruited from a Plains Indian tribe. There were 226 individuals (121 men, 105 women) with AD (mean (SD) age = 41.5 (11.8)) and 110 controls (35 men, 75 women) (mean (SD) age = 42.9 (17.4)). Probands were initially ascertained at random from the tribal register, and the families of alcoholic probands were extended. Although most participants derived from one large, multigenerational pedigree, the average sharing of descent between any two individuals was only 0.003. Blind-rated DSM-III-R lifetime psychiatric diagnoses were derived from the Schedule for Affective Disorders and Schizophrenia-Lifetime Version (SADS-L) (Endicott and Spitzer, 1978 ). An additional criterion for AD, drinking heavily for a year or more, was incorporated to establish a clear pattern of long-term alcohol use. For further details see (Enoch et al., 2006) .
SW American Indians
A total of 389 participants were recruited from a SW American Indian tribe: 317 individuals with AD (174 men, 143 women, mean (SD) age = 37.4 (14.2) yrs) and 72 controls who were free of psychiatric disorders (16 men, 56 women, mean (SD) age = 35.8 (13.1) yrs). Most participants derived from three large interrelated pedigrees however the average sharing of descent between any two individuals was 0.012 which is equivalent to the relationship between second cousins once removed and third cousins. Blind-rated DSM-III-R lifetime psychiatric diagnoses were derived from the SADS-L. For a more detailed description see Robin et al., 1998 .
Genotyping
Genomic regions containing sequence 5 kb upstream and 1 kb downstream of the seven ADH (ADH1-7) and two ALDH (ALDH1A1 and ALDH2) genes were retrieved from NCBI Human Build 35.1. Haplotype tagging SNPs were identified using a previously described design pipeline . Seventy six SNPs spanning the nine genes were genotyped using the Illumina GoldenGate platform . The average genotyping completion rate was 94.8~99.7%, genotyping replication rate was 99.4~99.9%, the average genotyping error rate was 0.05~0.3% across all four datasets.
Twelve SNPs that were monomorphic in more than two populations were excluded and therefore the analyses were performed using 64 SNPs. Marker information for the 40 SNPs spanning the seven ADH genes (364.7 kb), the 17 SNPs spanning ALDH1A1 (136.6 kb), and the 7 SNPs spanning ALDH2 (35.2 kb) is presented in Table 1 . Alleles 1 and 2 are defined using the Illumina top/bottom strand convention (http://www.illumina.com/documents/products/technotes/technote_topbot.pdf) which is based upon the SNP context sequence. The Illumina alleles 1 and allele 2 were converted to the corresponding dbSNP alleles (http://www.ncbi.nlm.nih.gov/).
Twelve SNPs, listed in Supplementary Table 1, were not in Hardy Weinberg (HW) equilibrium in the controls. Eleven of these SNPs were out of HW equilibrium in only one population; one SNP was not in HW equilibrium in two populations. The fact that no SNP was out of HW equilibrium across all 4 populations indicated that this was not due to genotyping error therefore all 12 SNPs were included in the analyses.
Assessment of population stratification using ancestry informative markers
The samples were genotyped for 186 ancestry markers (AIMS) also using the Illumina GoldenGate platform . The same AIMs were also genotyped in 1051 individuals from the 51 worldwide populations represented in the HGDP-CEPH Human Genome Diversity Cell Line Panel (http://www.cephb.fr/HGDP-CEPH-Panel). Structure 2.2 (http://pritch.bsd.uchicago.edu/software.html) was run simultaneously using the AIMS genotypes from our samples and the 51 CEPH populations to identify population substructure and compute individual ethnic factor scores. This ancestry assessment identifies seven ethnic factors that have been previously described in detail . Three SNPs (rs1154456, rs1154469 and rs1154470) in ADH7 block2 and two ALDH2 SNPs (rs10849970 and rs7296651) were associated with the far east ethnic factor score.
Statistics
Linkage disequilibrium (LD) D′ values were evaluated for all marker pairs and haplotype blocks were identified using Haploview. A minimum D′ value of 0.80 (Gabriel confidence intervals for 'strong LD' of 0.70 to 0.98) was used to define block boundaries. Reference haplotype blocks were derived from the HapMap African, Caucasian and the two Asian reference populations (Figures 1, 2, 3 ). Haplotype block structure was compared between the reference HapMap populations and our four study populations. Haplotypes were derived using the program Phase 2.0 (Li and Stephens, 2003) . Comparisons of haplotype frequencies between cases and controls were performed using Fishers test (http://www.quantitativeskills.com/sisa/statistics/fisher.htm). In secondary analyses, allele frequencies of individual SNPs were compared between cases and controls using Fishers test.
To correct for multiple testing, the false discovery rate (FDR) based procedure was implemented using R package qvalue version 1.1 to obtain the q-value corresponding to each p value in four populations (Storey and Tibshirani, 2003) . R package takes a list of pvalues resulting from the simultaneous testing of many hypotheses and estimates their qvalues. The q-value of a test measures the proportion of false positives incurred when that particular test is called significant. We assumed that all haplotypes had an equal chance of association with AD. Therefore we conducted 35, 34, 39 and 45 tests in FDR analyses in Plains Indians, Southwestern American Indians, Finnish Caucasians and African Americans respectively.
RESULTS

Haplotype block structure across the ADH gene cluster
The extent of LD between the 40 ADH SNPs was determined in the four study populations and in the three HapMap populations (Figure 1 ). For the 365 kb ADH gene cluster, five haplotype blocks were defined: block 1 (13 SNPs): ADH5-ADH4; block 2 (13 SNPs): ADH6-ADH1A-ADH1B; block 3 (5 SNPs): ADH1C; block 4 (2 SNPs): intergenic region between ADH1C and ADH7; block 5(6 SNPs): ADH7. LD across the ADH gene cluster is similar across the four populations ( Figure 1 , right panel). The haplotype block structure derived from our study is consistent with the haplotype block structure of the equivalent HapMap populations, based on visualization ( Figure 1 , left panel). As expected, the haplotype diversity was greatest in populations with African ancestry. Table 2 it can be seen that there was one predominant haplotype that ranged in frequency from 0.89 in Plains Indian to 0.50 in African American controls. There was no haplotype association with AD. One ADH4 SNP (SNP12, rs3762894) showed an association with AD in Plains Indians (controls=0.02, AD=0.004, p=0.04, r 2 = 0.005) and showed marginal association in African Americans in the opposite direction (controls=0.18, AD=0.22, p=0.08) ( Table 1) .
ADH Gene Cluster haplotypic analyses Block 1: ADH5-ADH4-From
Block 2: ADH6-ADH1A-ADH1B-There was considerable haplotypic diversity across the 4 populations. In the SW Indians, 8 haplotypes accounted for 99% of the haplotype diversity whereas in the African Americans, 12 haplotypes accounted for 81% of the diversity. There were 2 predominant haplotypes that were common in the SW Indians, the Plains Indians and the Caucasians but there were no associations with AD. None of the haplotypes listed in Table 2 included the functional ADH1B*2 rs1229984 Arg48His variant since it was either non-existent or occurred at a very low frequency (0.01) in these populations.
One minor haplotype indicated in Table 2 , was significantly more common in SW Indian controls than in AD subjects (χ 2 = 8.7, 1 df, p = 0.007) and showed a trend effect in the same direction in the African Americans (χ 2 = 2.6, 1 df, p = 0.11). This haplotype was not present in the other two groups.
Block 3: ADH1C-There were two or three predominant haplotypes but no association with AD (Table 3 ). The ADH1C*1 and ADH1C*2 linked SNPs (Arg272Gln, rs1693482; Ile350Val, rs698), have been associated with AD in previous studies in several populations. Both variants were common across the four study populations with frequencies in controls ranging from 0.15~0.50. Nevertheless we did not detect any association between the functional ADH1C*1 and ADH1C*2 haplotypes and AD across the four populations (Table  3) .
Haplotype block 4 and block 5: ADH7-The two-SNP haplotype block 4 encompasses the intergenic region between the ADH1C and ADH7 haplotype blocks (Figure 1 ) and in all four populations includes two yin yang haplotypes with differing frequencies (Table 4) . 'Yin yang' is the term used to describe haplotypes that have opposite allelic configurations, in this case 11 and 22. In SW Indians only, the yin yang haplotypes were associated with AD (χ 2 =4.6, 1df, p=0.03).
In block 5 that includes ADH7 no haplotypic association with AD was observed (Table 4) .
ALDH1A1 haplotypic analyses
Fourteen haplotype tagging SNPs were selected from the 17 ALDH1A1 SNPs listed in Table  1 . The extent of LD between the 14 SNPs was determined in the four study populations (Figure 2 , right panel) and in the three HapMap populations (Figure 2, left panel) . Because the ALDH1A1 haplotype blocks are not exactly the same across the four populations and haplotype diversity differs in the four populations, we split the 14 SNP configuration into four small blocks to avoid artificial haplotypes and to increase the power of haplotype analysis.
In all four ALDH1A1 haplotype blocks, two major (yin yang) haplotypes were observed across the four populations, although as usual there was more haplotypic diversity in the African Americans. The yin-yang haplotypes accounted for 0.92~0.98 of the haplotype diversity in Plains Indians, 0.92~1 in SW Indians, 0.66~0.98 in Finnish Caucasians but only 0.32~0.73 in African Americans (Table 5 ).
As indicated in Table 5 , one of the yin yang haplotypes in both block 1 and block 2 was associated with AD in the Finns (χ 2 = 4.03, 1 df, p = 0.04; χ 2 = 5.86, 1 df, p = 0.02, respectively). Within the Finnish block 1, SNP 41 rs3764435 appears to be driving the haplotype association with AD: χ 2 = 5.2, 1 df, p = 0.03, r 2 = 0.0124. Within block 2, SNP 45 rs2303317 appears to be driving the haplotype association with AD: χ 2 = 5.5, 1 df, p = 0.03, r 2 = 0.005. (Table 1) In block 1, two minor yin yang haplotypes were associated with AD: haplotype 211 showed association in African Americans (AD=0.05, Controls=0.02, χ 2 = 7.62, 1 df, p = 0.01) and 122 showed association in Finnish Caucasians (AD=0.01, Controls=0.03, χ 2 = 6.2, 1 df, p = 0.02). However, these haplotypes may have lower attributable risk and thus these associations are less important because of the relatively low frequencies of these haplotypes.
In block 3 one of the major yin yang haplotypes showed an association with AD in SW Indians (χ 2 = 5.71, 1 df, p = 0.02) ( Table 5 ). Of the 7 SNPs within this haplotype block, 5 SNPs (rs1424482, rs8187876, rs2249978, rs1418187 and rs4745209) are in allelic identity (MAF in: AD = 0.42, controls = 0.49) and are associated with AD: χ 2 = 4.0 -5.7, 1 df, p = 0.02 -0.05, r 2 = 0.005 -0.008. These 5 SNPs are driving the haplotype association with AD in SW Indians.
ALDH2 haplotypic analyses
All ALDH2 SNPs were in strong LD in all four populations with the exception of rs10849970 in Finnish Caucasians (Supplementary Figure 1) . In the Plains Indians only, one haplotype was less common in alcoholics (0.04) than in controls (0.08) (χ 2 =4.5, df =1, p=0.03) ( Table 6) . This association appears to be driven by SNPs rs2238152, rs4648328 and rs4646778, all of which have a frequency of 0.04 in AD and 0.08 in controls (χ 2 =4.5, df =1, p=0.05). The relatively high q values by FDR analysis showed that this association is probably due to chance (data not show).
In African Americans, one haplotype (that includes rs7311852 which is monomorphic in the other samples) was less common in AD individuals (0.05) than in controls (0.08) (χ 2 =4.6, df =1, p=0.03) ( Table 6 ). This association was driven by rs7311852 (controls=0.08, AD=0.05, χ 2 = 4.6, 1 df, p=0.03). However, when the European ethnic factor score was included as a covariate in the logistic regression model, the p value changed to 0.05 (χ 2 =3.9, 1df) indicating that the positive association was influenced by population stratification in this admixed population.
Corrections for Multiple Testing
The minimum q-value corresponding to the significant p-value was 0.58 (35 tests) in Plains Indians, 0.31(39 tests) in SW Indians, 0.34 (34 tests) in Finnish Caucasians and 0.27 (45 tests) in African Americans. These high q-values indicate that none of the nominally significant haplotype associations with AD were statistically significant.
DISCUSSION
The present study provides a comprehensive test of association between AD and haplotypes in the ADH gene cluster and two ALDH genes in four populations: Plains American Indians, SW American Indians, Finnish Caucasians and African Americans. Our study did not find evidence of any significant associations once the results were corrected for multiple comparisons. However there are several results that are of interest, particularly for ALDH1A1 and ADH4, since they replicate other findings in the literature.
Our study has shown an ALDH1A1 haplotype association with AD in SW American Indians. In ALDH1A1 haplotype block 3, one of the major yin yang haplotypes was more abundant in alcoholics whereas the other yin yang haplotype was more abundant in controls. Of the seven SNPs in this haplotype block, five were in allelic identity and associated with AD suggesting that this block might have been subjected to selective pressure. In the Plains Indians the same five SNPs were also in allelic identity unlike in the Finns and African Americans, suggesting that this selective pressure might be unique to American Indians. The ALDH1A1 block 3 yin-yang haplotype patterns in our four study populations are consistent with the phased haplotype patterns derived from the Asian, Caucasian and African HapMap populations (Figure 3 ).
The ALDH1A1 haplotype block 3 includes the promoter, the minimal promoter region (−91 to +53) that contains regulatory elements and the CCAAT box region intron1 (Yanagawa et al., 1995) . It is of interest that two low frequency promoter polymorphisms (0.012 -0.035), a 17bp deletion (−416/−432) and a 3bp insertion (−524) (ALDH1A1*2 and ALDH1A1*3 respectively) have previously been associated with AD in Southwest California Indians (Ehlers et al., 2004) and Caribbean populations (Moore et al., 2007) . In secondary analyses we genotyped 91 yin-yin and 93 yang-yang SW American Indians for the ALDH1A1*2 and ALDH1A1*3 variants but neither variant was detected.
We also found a yin yang haplotype association in Finnish Caucasians in haplotype blocks 1 and 2 that extends from intron 5 to the 3′ end of the gene. A recent study also in Finnish Caucasians found significant associations between AD and SNPs in intron 8 and the 3′ UTR (Lind et al., 2008) , the same locations as in our study. A study in European Americans found an association between rs8187974 (intron10), located in an ALDH1A1 splice site, and AD as well as max drinks / 24 hours (Sherva et al., 2009 ). The closest SNP to rs8187974 in our study was rs63319 (at a distance of 2082bp), but rs63319 did not show any association with AD. Moreover, another study in which 1105 Irish Caucasians were genotyped for the same SNPs as in our study showed no association between AD and ALDH1A1 variation (Kuo et al., 2008) .
There are two distinct, major isozymes in mammalian liver: ALDH2 is mitochondrial in origin and has a high affinity for acetaldehyde whereas ALDH1 is cytosolic in origin and has a low affinity for acetaldehyde. Therefore it is not clear how ALDH1A1 may be implicated in AD in individuals with functioning ALDH2 enzymes. Nevertheless ALDH1 deficiency has been associated with sensitivity to alcohol (Agarwal, 1981; Harada et al., 1981) and with facial flushing (Harada et al., 1981; Yoshida et al., 1989) and fatty liver (Thomas et al., 1982) .
The class I enzymes encoded by ADH1A, ADH1B and ADH1C contribute about 70% of the total ethanol oxidizing capacity. One minor haplotype in the ADH6-ADH1A-ADH1B haplotype block was significantly more common in SW Indian controls than in AD subjects (p = 0.007) and showed a trend effect in the same direction in the African Americans (p = 0.11). This haplotype was not present in the other two groups. However, these associated haplotypes did not include the ADH1B*2 functional SNP rs1229984 (His48Arg). We found that rs1229984 was either not present or occurred at a low frequency (0.01) in our four samples and therefore we cannot comment on the potential influence of this functional polymorphism on AD with our current samples sizes. In contrast, Sherva et al were able to show an association between rs1229984 and AD in a sample of 1588 European Americans (Sherva et al., 2009 ).
Two ADH1C SNPs, rs698 and rs1693482, distinguish ADH1C*1 from ADH1C*2. The two SNPs are in very high LD, as shown in previous studies and in our study. Both ADH1C*1 and ADH1C*2 are abundant in the four samples in this study. In individuals homozygous for the ADH1B*1 allele, as is the case for nearly all non-Asian individuals, the ethanoloxidizing differences between the enzymes encoded by ADH1C*1 and ADH1C*2 are low (Edenberg et al., 2006; Lee et al., 2004; Matsuo et al., 2007; Wall et al., 2005) . This might explain the lack of association with AD in our datasets.
The class II enzyme encoded by ADH4 contributes about 30% the total ethanol oxidizing capacity. ADH4 has previously been associated with AD in European Americans (Luo et al., 2006a) . Our positive result for ADH4 is supported by the findings in the study from the Collaborative Study on the Genetics of Alcoholism (COGA) in which 110 SNPs across the ADH gene cluster were genotyped in 1860 European American individuals from 218 families (Edenberg et al, 2006) . The pedigree disequilibrium test (PDT) showed that 12 SNPs spanning ADH4 were significantly associated with AD and one of the three haplotype tagging SNPs was rs3762894. In our study this SNP was associated with AD in the Plains Indians and showed a trend association in the African Americans. Although the COGA sample size was large (N = 1860), the best SNP association p value was 0.004. In Edenberg's study, the MAF was 0.17 for all European Americans. Our study detected the same frequencies in the Finnish Caucasians (0.16 in AD, 0.12 in controls) and this is similar to the frequency in HapMap European Americans (0.13). An effect size cannot be derived from the PDT and therefore we were unable to directly compare our results in the Finnish Caucasians with the European Americans in Edenberg et al, 2006 . Kuo et al (2008 tested the association between AD and the same set of SNPs as in our study, genotyped by the identical method , in the Irish Affected Sib Pair Study of Alcohol Dependence (IASPSAD) Sample (n = 1105) (Kuo et al., 2008) . Likewise with the Caucasian sample in our study, there were few haplotype and SNP associations with AD. Out of all the SNPs tested in the Kuo et al study, two survived corrections for multiple testing: the ADH5 SNP rs1154414 and the ADH1B SNP rs1353621. These findings were not replicated in our study. We performed power analyses based on the effect sizes for these two SNPs derived from the IASPSAD study. For ADH5 rs1154414 we calculated that we had 95% power to detect an effect in the Finnish Caucasian sample. The fact that we did not detect an association between rs1154414 and AD was due to the fact that the MAF differed between AD subjects in the IASPSAD study (0.09) and the Finnish Caucasians in our study (0.15) although the MAF in controls was the same in both studies (0.12). For ADH1B rs1353621, we calculated that we had 93% power to detect the same effect size in the Finnish Caucasians as had been detected in the IASPSAD study. However the MAF in the Finnish cases (0.30) and controls (0.33) were similar and differed from the MAF in cases (0.43) and controls (0.37) in the IASPSAD study.
ADH7 shows no LD with other ADH genes. This is consistent with the findings of earlier studies (Edenberg et al., 2006; Kuo et al., 2008) and HapMap data. The intergenic haplotype block includes the 3′UTR and the nearby 3′ region of ADH7, indicating that the haplotype association with AD that we found in SW Indians might implicate a regulatory locus. However, relatively high q values by FDR analysis showed that this association is likely to be due to chance. Osier et al reported a possible epistatic role of ADH7 and ADH1B*2 in protection against alcohol abuse and/or AD by the haplotype rs1154458-rs1229984 (Osier et al., 2004) . However, in our study we found no evidence of LD between SNPs in AD7 and ADH1B.
It should be noted that there was considerable allele and haplotype frequency variation between the four populations for all genes, including variations between the two American Indian tribes. It could have been expected that of the four populations tested, the Plains Indians and SW Indians would be most likely to have alcohol metabolizing gene variants similar to Asians since their ancestors are thought to have migrated across the Bering Straits from Asia (Goebel et al., 2008) . However these two American Indian tribes do not have the Asian ADH and ALDH2 gene variants which is consistent with proposals of a population bottleneck at the time of entry to the Americas that would have eliminated much genetic variation in American Indian populations (Kitchen et al., 2008) . The considerable allelic variation could result in population stratification that can produce false-positive or falsenegative results in case-control studies. However we included ethnic factor scores derived from 186 AIMs as covariates in our analyses when significant and therefore population stratification is unlikely to have influenced our results.
Yin yang haplotypes are defined as two high-frequency haplotypes with exactly opposite allelic configurations, for example the haplotypes 1222221 and 2111112 in ALDH1A1 block 3. It has been shown that the proportion of the genome spanned by yin yang haplotypes is approximately 75%-85% and their conservation across all populations suggests that they represent ancient chromosomal regions that are likely to predate the African diaspora (Zhang et al., 2003) . In accordance with HapMap data we found that yin yang haplotypes were present in all four populations although, as expected, at lower frequencies in the sample with African ancestry. At this point in time the significance of yin yang haplotypes is not clear. Using coalescence simulation, Zhang et al, 2003 have shown that yin yang haplotypes can be explained by strictly neutral evolution in a well-mixed population however another study indicates that yin yang haplotypes can be explained by the maintenance of ancient lineages by selection (Curtis and Vine, 2010 ).
There are a few potential limitations to our study. Different diagnostic criteria (DSM-III-R and DSM-IV) and different psychiatric instruments were used in this study. However, the interviews of the Finnish Caucasians and African Americans were conducted by two experienced clinical psychiatrists and the interviews of the Plains and Southwestern Indians were conducted by two clinical social workers who were fully versed in tribal customs and cultures. Therefore we are confident in the validity of the AD diagnosis. The controls were standardized across all four samples in that they had no lifetime Axis 1 disorders however nicotine dependence was not an exclusion criteria since we only had smoking history for the Plains Indians. This resulted in effectively increasing the heterogeneity of the AD samples since the samples included AD alone and AD comorbid with other disorders. Two samples had significant comorbidity: cocaine and heroin dependence in the African Americans and ASPD in the Finnish Caucasians. Nevertheless the comorbid disorders are unlikely to have any associations with alcohol metabolizing genes. Because of the relatively small samples sizes across the four populations we were unable to determine potentially important rarer haplotype associations. Moreover, rare and uncommon haplotypes estimated using any method are subject to higher error because of increased sampling variance and genotyping errors. However we were able to analyze common haplotypic variation across these genes; for example the ALDH1A1 block 3 yin yang haplotypes are fairly abundant.
In conclusion, the systematic evaluation of common variation in alcohol metabolizing genes in four non East Asian populations has shown only modest associations with AD, largely for ALDH1A1 and ADH4. A concentration of signals for AD with ALDH1A1 yin yang haplotypes in several populations warrants further research. Our study is the first to provide a comprehensive analysis of alcohol metabolism genes in four independent populations. The fact that no strong genetic associations were found may reflect the heterogeneity of the disease and the large role that environmental factors play in the development of alcohol dependence.
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